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ABSTPACT

Four techniques sre used to characterize the re-
sponse of Eastern Devonisn gas shales to impulsive
loading. First, the elastic moduli of the transverse,
isotropic shales are measured. Then, tensile strengths
are deduced from an exsmination of sampl- - recovered
froma impacts with charscterized plates. Third, shock
velocities, release wave velocities and stress-strain
paths are determined from measured stress wave his-
tories at various depths in the shales. Finally, the
pressure-volume relation for these shales are deter-
mined from shock velocity measurement to pressures as
high as 80 GPa (800 kbars) using impacts froam high-
explosive driven metal tlates.

INTRODUCT ION

Successful prediction and optimization of explo-
sive effects in geologic materials requires knowledge
of the constitutive relations governing the rock re-
sponse to impulsive loading. Such constitutive rela-
tions must include desrriptions of both wave propaga-
tion and fracture phenomena under dynamic stress. The
initial phase of our program therefore was directed
toward acquiring these besic data. Here, some of the
dynamic properties of gas shales and the techniques
used to determine them are discussed.

ELASTIC PROPERTIES

The determination of the elastic constants of gas
shales is the first step towards understanding the
shale's response to both static and dynamic strosses.
The samples whose dynsaic properties are presented here
were cut from two pieces of 4-inch-core from the
Columbia Gas Company Well No. 204y2, one from approxi-
mately 1040 m and the other from 1039 m below the sur-
face. X-ray diffraction patterns showed buth to be
common illite shales where the composition s very fine
silica or quartz grains and a minor amount of anhydrous
clay minerals. The densities of the twc pieces are
2.7 Mg/m? (1040 m in depth) and 2.4 Mg/m' (1039 m).
These densities span a :ommonly dccepted bulk density
of 2.55 Mg/m? for Eastern gas shalcs.

Reterences and tllustrations at end of paper.

The symmetry of the elastic prorerties of Eastern
gas shales is transverse isotropic. ' his measns that
there is an elastic symmetry axis of r.cation perpen-
dicular to the bedding and an elastic a.is of two-fold
symmetry in the bedding planes. The ssaples were pre-
pared for sound speed messurements by cutting thes in-
to plates 30 to 60 mm in diameter and 2.0 to 7.5 mm
thick at angles 0°, 45°, and 90° to the bedding. Den-
sitles were determined using the immersion method. The
sound speeds were determined from the difference in the
time an ultrasonic pulse took to traverse an aluminum
plate and the combination of the same aluminum plate
and a gas shale plate. Because of interferences of the
ultrasonic pulses at the shale bedding interfaces, only
first pulse arrivals were measured.

We have assumed that the alastic wave velocities
are a linear function of density over the density range
astudied here. The linear equations for the five dif-
ferent propagation modes measured are listed below with
a description of each.

Vi(km/s) = +1.679 + 1.377 p

p = 2.4 to 2.7 Mg/n?®
V, is the longitudinal velocity directed parallel to
the shale bedding.

Vi(ka/s) = +1.003 + 1.80% .

pw 2.4 to 2.7 Mg/m?
V3 is the longitudinal velocity directed perpendicular
to the shale bedding.

Yy(kn/s) = -1.332 + 1.438 p

p e 2.4 to2.7 Mg/md
Yy is hoth the shear velocity directed perpendicular to
the bedding of the shale, and the shear velocity direc-
ted psrallel to the bedding with particle motion per-
pendic .lar to the bedding.

Vs(km/s) = +1.151 + 1.245 p

o= 2.4 to 2.7 Mg/md
Vs Ls a quasi-longitudinal velocity directed at 45° to
the bedding.

Vg(km,8) = «1.416 + 0.627 o

pm 2.4 to 2.7 Mg/md
Vg 1s the shear veloclity directed parallel to the bed-
ding with the particle motion also parallel to the bed-
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ding. long the bedding, but shales of a similar density,
.57 Mg/m?, spalled as low as 45 MPa (0.45 kbars) if the|
These velocities are then converted to the elastic |[tension waves propagated perpendicular to the bedding.

moduli of a transverse isotropic solid. These are or shales having a deneity of 2,40 Mg/m3, the tensile
listed in Table I tor the two density shales studied trengths were .ess than 40 MPa for both propagation
here and the average bulk density shale, 2.35 Mg/m?. ractions. The stress rates involved in these experi-
ents are of the order of 1 GPa/us (10 kbars/us) and
DYNAMIC TENSILE STRENGTHS regions under tension remain in tension only ahout 2us

if they do not spall. Experiments involving lower

In a shock wave's divergent propagation frr. both |stress rates and longer tension durations would find the
spherical and cylindrical symmetries, the initial pos-|tensile strengths of the gas shales to be smaller.

itive compression rapidly converts into tension, par-
ticularly the tangential component. This dynamic ten- PONSE TO PLANE STRESS IMPULSES
sile stress 1s a major contributor to the fracture of -
the surrounding rock. Another form of fracture, Properties of gas shales in response to dynamic
though minor, caused by dynamic tensile stress 1s stress can best be determined from the analysis of the
spalling. Spalling occurs behind a free surface at degradation of stress lmpulses as they pass through the
which a finite shock wave releases; the resulting shitles. The technique u.sed here 1s to meéasure the
rarefaction wave from the free surface and rarefactionstress history of an impulse at several depths in a

wave following the shock collide anu form a :preading [shale sample. The sample assembly consists of a stack
tension wave. Thus, the dynamic tensile strength of [of shale plates zl1l 40 mm in diameter. The first plate
rock is an important property to be determined when s 2 mm thick, the second and third plates are 4.5 mm
attempting to predict the fracture pattern of a rock. ck; and the fourth is 5 mm thick. The impactor

Here a technique is described for determining che dy- plate is usuaglly 3 mm thick. The density, elastic

namic tensile s*rength of gas shales; the results of |properties, and orientation of all plates are matched.
studies using this technique are presented. Between the shale plates of the sample assembly are
50-ohm grids of 0.01-mm-thick manganin foil that cover

an area of 40 mm? in the center region of the plates.

e resistance cf the grids are well defined as a
function of stress under impact conditions. The resis-
ance 1s deduced fr.u the voltage genarated at the null
pactor plate is chosen so that the interface between |jpoint of a pulsed Wheatstone bridge caused by the change
the impactor and the sample separate after passsge of [in resistance of the manganin grid. The sample-manganin
the rarefaction wave from the resr free surface of the gage stack is placed in a target plate and surrounded by
impactor. The rarefaction from the impact surface of [velocity pins; see Fig. I.
the shales and their other surface which is free col-
lide in the middle region of the shale samples cre-
ating a tension wave. The target plate in -hich the
shale sunples arn mounted is recovered anc the shales
are removed and examined for spall. The experimental
configuration is shown in Fig. 1.

The technique involves impacting shales of known
shock impedance and orientation to beddirz with a thin
driver of known shock impedance generatiag a well-
defined shock in the shale. The impedance of the im-

Eight experiments were conducted. The differences
between them were the orientation of the bedding to the
direction of planar shock propagation, the shale densi-
les, and the stress levels. The response of the shales
o the shock loading and unioading was calculated using
g8 computer code, GUINSY2, written by Lynn Seaman of
Figure 1 shows a front view of a target plate (a) [Stanford Research Institute. The theory on which the
and a cross-sectional view of an impact experiment (b).code is based and an explanation of how the code is used
The view, (a), shows the arrengement of the shale sam- jas described esrlier by Seaman.! The analysis requires
ples, D, of different densities and orientations are he stress histories, - correlation of regions on the
mounted in the target plate, B. Each sample is backed stress profiles, the initial density of the shales, and
with low density (0.015 Mg/m’) plastic foam, H, to o initial gage locations. From the analysis the
facilitate mounting the specimens' impact surfaces specific volume, the particle velocity, and internal
flush with the target plate's surface. The specimens jsnergy of the shales are correlated with the stress as
are held in the plate with a thin layer of epoxy. a function of time at each ga7e location.

Shorting pins, C, of various lengths are used to de-
termine the velocity of the impact plate, G. The
front surface of the impact plate is covered with a
0.0l-mm-thick Al foil shorted to the projectile, E. A
pulse is generated on a repetitive time-marked ¢scil-
loscope sweep as each charged pin is shorted. The
nuzzle of the 3-m-long, high-pressure gas gun used to
drive the projectile is labeled A, the target plate
mounting scrows are labeled I, and the unsupported
area behind the impact plite is labeled F.

The resujts of one experiment shown here,
Figs. 3 - 5, are for a 2.44 Mg/md shalo with the stress
ave propagating perpendicular to the bedding (90* ori-
sntation). The longitudinal velocity in that direction
is 3.3 km/s. Figure 3 shows three stress histories
educed from the resistances of 3 manganin gages lo-
ated at three different depths in the shale (upper
right hand corner of Fig. 3). All three histories have
common timc base in relation to each other. The
ptress-strain path calculated from these histories is
The impedance of a material at low stresses is thephown in Fig. 4. The loading path shows a gradual
longitudinal sound rpeed in the direction of propaga- gurvature indicative of gradual elastic to plastic
tion times the material's density. The tension gener-|ielding. The hysteresis between loadlng and unloading
ated in these shales is the product of the impedance [3 very small showing strong elastlc response at this
of the impact plate and the shale samples' times the puarticular stress level, 0.5 GPa (5 kbars). The plot of
impact plate's velocity Jivided by the sum of the two wave velocity as a function of marticle velocity (pro-
impedances. The impact plate material used here wag ortional to stress) clearly szhows a fast moving olastic
UMMA, We found that shales having a density of ve, - 3.45 km/x, which vields to a glower stress wiave
2009 e md weuld not spall under tension s high ag ‘ront which gradually slows with {ncreasing stress
0o MPa (W.tu kbars; if the tension waves propagated E- 3.2 km/s). The initlul release wave velocity traveis
t -~ 5.3 hu/s.
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HUGONIOTS OF EASTERN GAS SHALES

The response of the gas shales to large shocks,
between 10 and 100 GPa, was determined from simultane-
ous measur=ments of the shock wave velocities through
gas shale samples and through a standard material whose
Hugoniot equation of state under shock compression is
well known. The experimental technique is described in
detaj]l elsewhere.Z From the measured shock velocities
through both the shales and the standard, the mass or
particle velocities through the shales are deduced.

The shock state of gas shale is completely defined
by knowing only the shale's initial density (po). the
shock velocity (U ), and the particle velocity (U).
The pressure (P) compression (1-V/V) for the Shale
are derived from the above three parsmeters using the
following relations

Pa DOU’UP. V/V° - (U’ - Up)/U’.

The locus of U,, U data for miterial not under-
going transitions ik stPucture or bonding is usuelly
linear

Us mCc+ s UP.

Hugoniot data was collected for the two different
density shales with shock waves, propagating both per-
pendicular to and along the bedding. Data for
2.41 Mg/m? shale with the shock-wave propagating per-
pendicular to the bedding are shown in Fig. 6. The
data can be fit satisfactorily with two linear fits
with a break between them at approximately
U = 5.75 km/s. This indicates that there is a
discrete reduction in the volume of the shale at the
pressure associated with that shock pressure, 20 GPa.
The volume reduction at that pressure between the two
Hugoniots is 6% for the 2.4 Mg/m3 shales and 7% for the
highar density shales. Since the major component of
the gas shales is quartz (30% to 60% by volume) the
change in volume can probably be attributed to the
a-quartz to stishovite phase transformation. The
transition pressure found here is 6 to 10 GPa above
the quartz-stishovite pressure where the transais:z'~r
occurs at 25°C (extrapolated from high tempsritiie.
static hiy, pressure data) and occur: under shock com-
pression. respectively. There are several exp.anatlons
for this difference. The first is that the quartz,
floating in a matrix of kerogen and other material:,
requires time to ''ring up" in pressure and vo tran:iiorm,
resulting in a shock wave, whose velocity is measured,
being followed by a relaxation wave caused by tha‘:
transition. Below 20 GPa the shock wave is not overrun
by the relaxation wave for the sample thickness usec
here, 5 mtm. The other explanation is that becauses of
shock heating caused by pore collapse and compression
of the kerogen, the normal equilibrium transition
pressure for quartz is shifted to higher pressures.

The knowledge of which explanation is correct may be
important since the first explanation would mean that
the shales may be able to absorb large amounts of energ
at pre-‘sures as low as 10 to 14 GPa.

This work was supported by the U.S. Department of
ﬁnerlY. Division of 0il, Gas Shale and In Situ
echnology.
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Table I. Elastic Moduli of Eastern Gas Shales

Density (Mg/m") : 2.40 2.55 2.70
c,, (GPa) : 54 62 7
C,4 (6Pa) : 2, 33 a1
c,, (GP2) : 1 14 18
Coo (GPR) : 20 23 26
c,, (GPa) : 13 16 19
C,5 (GPa) : 17 17 16

Bulk Modulus (GPa) : 23 26 29
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